The combined cycle gas-turbine (CCGT) power plant is a highly developed technology which generates electrical power at high efficiencies. The first law of thermodynamics is used for energy analysis of the performance of the CCGT plant. The effects of varying the operating conditions (ambient temperature, compression ratio, turbine inlet temperature, isentropic compressor and turbine efficiencies, and mass flow rate of steam) on the performance of the CCGT (overall efficiency and total output power) were investigated. The programming of the performance model for CCGT was developed utilizing MATLAB software. The simulation results for CCGT show that the overall efficiency increases with increases in the compression ratio and turbine inlet temperature and with decreases in ambient temperature. The total power output increases with increases in the compression ratio, ambient temperature, and turbine inlet temperature. The peak overall efficiency was reached with a higher compression ratio and low ambient temperature. The overall efficiencies for CCGT were very high compared to the thermal efficiency of GT plants. The overall thermal efficiency of the CCGT quoted was around 57%; hence, the compression ratios, ambient temperature, turbine inlet temperature, isentropic compressor and turbine efficiencies, and mass flow rate of steam have a strong influence on the overall performance of the CCGT cycle.
Introduction
Many researchers have focused on improving the modeling of combined cycle gas-turbine (CCGT) power plant systems utilizing the Brayton cycle gas turbine (GT) and Rankine cycle steam turbine (ST) with air (gases) and water (steam) as working fluids to achieve efficient, reliable, and economic power generation. The current commercially available CCGT generation typically achieves a total thermal efficiency in the lower heating value range of 50-60% [2, 3] . Further development of simple cycle GTs, metal surface cooling technology, and high temperature bleed materials shows promise for the near-term generation of power by CCGT capable of reaching more than 60% plant thermal efficiency. Additionally, the development of GT technology as well as increases in ST cycle temperature and pressure and enhancement of t he heat recovery steam generator (HRSG) stage design is expected to achieve further improvement of the overall thermal efficiency of CCGT power plants [4, 5] . When combined, the GT Brayton cycle and the ST power plant Rankine cycle complement each other to form an efficient CCGT. The Brayton cycle has a high source temperature and rejects heat at a temperature that is conveniently used as the energy source for the Rankine cycle plant. The most commonly used working fluids for CCGT are air and steam [6] [7] [8] [9] [10] . Kaushika et al. [5] studied the optimum performance of a CCGT by modeling and simulation. The behavior of the GT was studied at part load. The results of a sensitivity analysis of the effect of atmospheric temperature on the GT performance are presented. The best combination of process parameters of steam leaving the steam generator which gives optimum performance of the CCGT was determined at part load operation. Results for the optimum values of thermal efficiency and power output together with values of the decision variables are presented [6] . Khaliq and Kaushik [7] created a simulator of the combined-cycle co-generation power plant. The simulator is built by a mathematical model for power plant modeling. The simulator is divided into two parts; the first one is a simulation of fluid flow in the power plant, and the other part is a simulation of the control system of the plant [7] [8] [9] [10] .
The purpose of this work is to evaluate the possibility of improving the overall thermal efficiency of CCGT power plants. The effects of the operating parameters on the performance of CCGT are described, and the effects of the ambient temperature compression ratio of the GT cycle on the performance of the gas, steam, and CCGT are also taken into consideration. Figure 1 shows a schematic of the CCGT and bottoming cycle using a single-pressure heat recovery steam generator (HRSG) without reheating. The GT (topping cycle) includes a single stage axial flow compressor and combustor to burn natural gas for expansion in the GT. Generally, the principle of the CCGT is that air is compressed by the air compressor and transferred to the combustion chamber (CC) in order to combine with fuel for producing high-temperature flue gas. Afterward, high-temperature flue gas will be sent to the GT, which is connected to the shaft of the generator for producing electricity [10] . The effluent exhaust gas temperature from the GT will decrease as it flows into the HRSG, which consists of the superheater, evaporator, and economizer. Then the HRSG supplies steam to the ST for the production of electricity. In the latter, the effluent condensate from the ST flows into a condenser, where cooling water transfers waste heat to the cooling tower. In the final stage, feed water, which is the output from the condenser, is suctioned by the feed water pump and sent to the HRSG and so on [4] . Modeling of the CCGT has been done in the following steps:
Thermodynamic modeling

Gas Turbine Cycle Model
It is assumed that the compressor efficiency and the turbine efficiency are represented by c  and t  , respectively. The ideal and actual processes on the temperature-entropy diagram shown in Figure 2 are represented by the solid and dashed lines, respectively [11] . 
Air Compressor model:
Using the first law of thermodynamics and knowing the air inlet temperature of the compressor, the pressure ratio (r p ), and the isentropic efficiency of the compressor, we can determine the following parameter: 
where T 1 and T 2 are the compressor inlet and outlet air temperatures, respectively, and T 2s is the compressor isentropic outlet temperature. The final temperature of the compressor is calculated from Eq. (3) [12] :
Therefore, these relations can be simplified by Eq. (4): 
Combustion chamber model: From the energy balance in the combustion chamber [18] : 
After manipulating Eq. (8), the fuel air ratio ( f ) is expressed as Eq. (9):
Gas turbine model: The exhaust gases temperature from the GT is given by Eq. (10).
, where T g1 is the inlet gases temperature of the HRSG.
The shaft work ( t W ) of the turbine is given by Eq. (11) .
The net work of the GT (W Gnet ) is calculated by Eq. (12):
The output power from the turbine (P) is expressed as Eq. (13):
The specific fuel consumption (SFC) is determined by Eq. (14):
The heat supplied is also expressed as Eq. (15):
The GT efficiency ( th 
Steam Turbine Cycle Model
It is assumed that the ST efficiency and the pump efficiency are represented by 
Heat recovery steam generator model (HRSG):
A single pressure HRSG is considered here as a common type for the CCGT plant. By applying the energy balance for gas and water in each part of the HRSG, the gas temperature and water properties, as shown in Figure 4 , are calculated by solving the following equations:
The heat available of the exhaust gases from the GT can be given as Eq. (18):
is the exhaust temperature of the HRSG, and ( f h 1 ) is the heat loss factor, which typically ranges from 0.98 to 0.99 [17] .
The superheater duty is expressed as Eq. (19):
The thermal analysis of the HRSG depends on the designed pinch point ( pp T ) and approach points ( ap T ). The temperature of the gas leaving the evaporator is expressed as Eq. (20):
Thermal Impact of Operating Conditions on the Performance of a Combined Cycle Gas Turbine, Thamir K. (20) where T s is the saturation steam temperature at superheated pressure. Also, the temperature of water entering the evaporator is defined as Eq. (21): The temperature of the hot exhaust gases exiting the HRSG can be found by considering the energy balance between states 4 and 5. Figure 1 yields:
Steam turbine model: The steam at high pressure and high temperature that is obtained from the HRSG expands to the condenser pressure in the ST [18, 19] . The energy balance is given as shown in Figure 3 .
Condenser model: The heat rejected from the condenser is expressed as Eq. (23):
Pump model: The condensate from the condenser is extracted by the pump and raised to the economizer pressure. The corresponding work is given by:
(25) Therefore, the net work of the ST power plant is:
The efficiency of the ST power plant is:
The overall thermal efficiency of the CCGT power plant is [23] :
The total heating rate is:
Results and Discussion
The influence of parameters in terms of the compression ratio, turbine inlet temperature, airto-fuel ratio, and ambient temperature on the performance of CCGT is presented in this section. The effects of operating conditions on the power output and efficiency are obtained from the energy-balance, utilizing MATLAB10 software. Figure 5 shows the effect of the compression ratio and ambient temperature on the power output for gas, steam, and CCGT. The total power output of the CCGT increases with increases in the compression ratio and ambient temperature. This is because the power output of the steam cycle decreases with decreases in the mass flow rate of the exhaust gases, which leads to increases in the steam flow rate in the steam cycle with decreases in the compression ratio and increases in ambient temperature, as shown in Figure 6 . Therefore, the total power output of CCGT increases with increases in the compression ratio, because the increases in the ST cycle are greater than the GT power output, and also the total power output increases with increases in the ambient temperature. Figure 7 (a), it can be seen that the thermal efficiency increases with the compression ratio at higher turbine inlet temperatures. The deviation of overall efficiency at the lower compression ratio is not significant, but the variation at the higher compression ratio is vital for thermal efficiency. The turbine inlet temperature is crucial for the higher compression ratio. The overall efficiency at the high compression ratio increases from 54.2% to 59.4% with an increase of the turbine inlet temperature from 1100 to 1900 K.
In Figure 7 (b), the overall efficiency increases with increases in the compression ratio as well as lower ambient temperature. However, the variation in efficiency is insignificant at the lower compression ratio. The overall efficiency at the high compression ratio decreases from 58.5% to 56.4% when the ambient temperature increases from 273 to 333 K. Figure 8 illustrates the effect of varying the compression ratio and air-to-fuel ratio on overall efficiency. The overall thermal efficiency of the CCGT decreased with increases in the air-fuel ratio because the losses with the exhaust gases increased. TIT=1100K  TIT=1300K  TIT=1500K  TIT=1700K  TIT=1900K   8  9  10  11  12  13  14  15  16  17 T1=273  T1=288  T1=303  T1=318  T1=333 turbine inlet temperature, and ambient temperature on overall efficiency. Figure 8 . Effect of varying the compression ratio and air-fuel ratio on overall efficiency. Figure 9 shows the effect of varying the compression ratio and isentropic efficiencies on the overall efficiency of the CCGT. It is observed that the overall efficiency increases with increases in the compression ratio, isentropic compressor efficiency, and turbine efficiency. However, the variation in overall efficiency is minor at the lower compression ratio while it is very significant at the higher compression ratio for both the isentropic compression and turbine efficiencies. When the compression ratio is high, the overall efficiency increases from 48% to 62% when the isentropic compressor efficiency increases from 75% to 95%; however, the overall efficiency increases from 54.2% to 59% with an increase in the isentropic turbine efficiency from 75% to 95%.
The performance map of a CCGT in Figure 10 shows the relation between the overall efficiency and total power output for various turbine inlet temperatures (1100-1900 K) and pressure ratios (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The total power output increases as the turbine inlet temperature increases for given values; however, the turbine inlet temperature of 1900 K at a compression ratio of 20 yields the highest overall efficiency. Figure 11 shows the relation between ambient temperature and overall combined cycle efficiency for different values of turbine inlet temperature. It can be observed that overall efficiency increases with increases in the turbine inlet temperature and decreases in the ambient temperature. However, the variation in overall efficiency is more significant at a higher value of turbine inlet temperature and lower ambient temperature. Figure 12 shows a comparison between the simulated power outputs of the combined cycle and simple GT versus practical results from the Baiji GT power plant. Figure 13 shows a comparison between the simulated overall efficiency of the combined cycle and the Kattha model together with the effect of different values of the turbine inlet temperature. It is clear that the overall efficiency increases with increases in the turbine inlet temperature. The simulation results were satisfactory compared with the Kattha model of the CCGT plant [24] . Figure 14 shows the effect of ambient temperature and air-fuel ratio on the total power output of the CCGT. The total power output of the CCGT increases with increases in the ambient temperature and with decreases in the air-fuel ratio, as shown in Figure 14 (a). This is because the combined cycle total power output increases with decreases in the mass flow rate for exhaust gases, which leads to increases in the steam flow rate in the steam cycle with decreases in the airfuel ratio, as shown in Figure 14(b) ; therefore, the total power output of the CCGT increases with increases in the ambient temperature because the increases in the ST cycle are greater than the GT power output. Figure 15 presents the relation between the CCGT overall efficiency and the ambient temperature for different air-fuel ratios. The overall efficiency decreases with increases in the ambient temperature due to decreases in the thermal efficiency of the GT; also, the overall efficiency increases with decreases in the air-fuel ratio due to decreases in the losses with the exhaust gases. Figure 16 shows the effect of varying the ambient temperature and isentropic efficiency on the overall efficiency of the CCGT. It is observed that the overall efficiency decreases with increases in the ambient temperature and with decreases in the isentropic compressor and turbine efficiencies; however, the overall efficiency always increased with increases in the isentropic compressor and turbine efficiencies. When the ambient temperature is low, the overall efficiency increases from 52.4% to 56.2% when the isentropic compressor efficiency increases from 75% to 95%, as shown in Figure 16(a) . However, the overall efficiency increases from 47% to 58% with an increase in the isentropic turbine efficiency from 75% to 95% % as shown in Figure 16 
Conclusions
The simulated modeling results show that the compression ratio, ambient temperature, air-to-fuel ratio, and turbine inlet temperature have significant effects on the performance of the CCGT. The results are summarized as follows:
1. The compression ratios, ambient temperature, air-to-fuel ratio and isentropic efficiencies had a strong influence on the overall efficiency of the CCGT.
2. The overall thermal efficiency of the CCGT was very high compared to the thermal efficiency of the GT plants. The maximum overall thermal efficiency was about 57%. 3. The overall efficiency decreases and the total power output increases linearly with increases in the ambient temperature and air-to-fuel ratio. 4. The peak overall thermal efficiency occurs at the higher compression ratio with low ambient temperature. 
